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AN INVESTIGATION OF HIGH-STRENGTH, DEFOIDlli1)
STEEL BARS FOR CONCRErE REINFORCEME~"T
A. IN'I'RODUCTION
The p=ev~o~s phase of this investigation of high-strength steel for
concre-:-e :.:'einfol'C8:11ent is described in Report No. TSR-4730-7l46, which was
released in July, 1957. This previous testing program was designed to
provide information on the following topics, among others:
(a) The shear (primarily) and flexural (secondarily) strength of
restrained Tee-beams reinforced with steel of approximately 80 ksi yield
point for main reinforcement and with standard steel for web reinforcement.
(b) The formation of diagonal tension cracks and flexural cracks
and the width of flexure and shear cracks at various loads and particu-
larly at "design loads" (say, half the ultimate loads).
(c) Deflectio;1S at "design load" of beams of this kind.
(d) T~1e VF.i.~,~ (Y.0;J' of t.h~ I::Jinois shear investigations in regard to
their appl:L(;8,b::'::'~'!:y '~c ~1~.g~1 3 0re:1g~~h reinforcement.
(e) Extens:'.on of the range of information on shear failures by a
substantial number of tests with variables (such as r, p, a/d) outside the
Illinois range.
It is believed that adequate information on these points has been
furnished by these tests.
At the same time a number of important phenomena have been observed
during these tests which appeared to warrant further investigation before
definite design recommendations could be made for the use of high-strength
reinforcement. Firstly, it was observed that in some cases negative flex-
ural cracks through the flange of the Tee-section were so large at "design"
load as to be considered objectionable for construction practice. Secondly,
it was noticed that diagonal~tension cracks in the web of the Tee-section
at "design" loads were also large and numerous enough to be considered
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objectionable. Thirdly, it was found that the use of the usual method of
calculation for ultimate flexural strength which does not include explicit
stratr:. re~.9.tions for the steel and concrete leads, in many cases, to a
rather 1..,~,:v.'ge unde:':'e~·~·::i.oate of the actual flexural strength of doubly-
rein!:::::- ::'~d. Tee-beams with high strength steel.
Lastly, no beams without web reinforcement were tested. To complete
the info:':'m~tior- on the shear strength of Tee-beams witb high-strength rein-
forcement, and to test the applicability of various theories of shear
strength of unreinforced webs additional test data seem desirable.
1. Ob.jec·~iv~
(a) To invest:i.gate the effect on negative flexural cracking of
relocating and distributing the negative tensile reinforcement in the
flange of the Tee-beam. (It was strongly suspected thut distributing the
negative tensile reinforcement across the flange of the Tee-section would
tend to exert more control on flexural cracking than the original "bunched"
arrangements.)
(b) To investigate in more detail the formation and growth of dia-
gonal-tension cracks using both data from the original program and from
the new program.
(c) To determine the shear strength of restrained Tee-beams with high-
strength steel reinforcement, but without web reinforcement, and to compare
it with existing shear-strength theories as well as with present code pro-
visions for such strength.
(d) To compare actual beam deflections at service loads (as defined
by the Appendi~ to A.C.I. 318-56) with values calculated by existing de-
sign formulas or simple modifications thereof.
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(e) To compare the flexural failure loads of' beams of the present
program and of the original program with flexural strength calculations
based on explicit strain relations.
2. Scope
Ten restrained Tee-beams were tested to destruction. Six beams were
loaded by concentrated forces and the remaining four were loaded by means
of a series of closely-spaced hydraulic rams to simulate the effect of a
uniformly-distributed load.
Two concrete strengths were used having nominal values of approxi-
mately 3000 and 5000 psi. cylinder compression strength. All longitudinal
reinforcement was of alloy steel having a nominal yield strength of 80,000
psi. All web reinforcement was of intermediate grade plain carbon steel
having a nominal minimum yield strength of 40,000 psi. All steel reinforcing
bars used in the project were deformed bars conforming to ASTM Standard A305.
Six beams had plain webs and the remaining four had reinforced webs.
Experimental data included crack width measurements, beam deflections,
strains in longitudinal and web reinforcement, and bar end slip.
3. Pro~ect Personnel
The project was carried out in the Structural Research Laboratory of the
Department of Structural Engineering at Thurston Hall, Cornell University.
The vlork was supervised by Dr. George Winter, Head, Department of
Structural Engineering as Project Director. Principal Investigator was
Dr. S. A. Guralnick, Assistant Professor of Civil Engineering. Other per-
sonnel engaged in the project included Messers Wei Wen Yu, W. J. Lauck and
IV. C. Hansell, Research Assistants and !V'a-. E. Pittman, Laboratory Mechanician.
Mr. Wei Hen Yu merits special commendation fo~ bis careful and conscientious




This project was sponsored jointly by the Reinforced Concrete Research
Council and the United States Bureau of Public Roads. A task committee
appointed by the Reinforced Concrete Research Council, to provide general
supervision of the investigation was constituted as follows: Dr. E. Hognestad,
Chairman, Messrs. O. W. Ir'VTin, R. C. Reese and C. A. Willson, members.
~~. Perkins and Mr. Nichols of the University Sand and Gravel Corp.
of Ithaca, New York, have contribu,ted greatly to the progress of the project
by carefully stockpiling and batching aggregate for the project and by
making available a truck-mounted mixer whenever it was needed.
The author is deeply gratefUl to these persons and to his many friends
and colleagues of the College of Engineering whose suggestions and encour-
agement proved so helpful in the conduct of this project.
5. Notation
As = Area of tension reinforcement
AI =Area of compression reinforcement
s
a =Shear span or distance from plane of nearest concentrated load
to plane of support
b =Overall width of flange of Tee-beam
b I = Width of weo of Tee-beam
C =Total internal compressive force in the concrete
c = Length of ar.m of internal couple of flexural resisting moment,
or distance between C and T.
d =The effective deptb, or distance between outermost ccmpression
fiber of beam and the centroid of the tension reinforcement
d l =Distance between outermost compression fiber of beam and the
centroid of the compression reinforcement
E =Secant modulus of concrete*c
Es =Modulus of elasticity of steel*
Et =Initial tangent modulus of concrete*
'* In these cases a pri~ ( I) or double prime (") mark over a letter indi-
cates that the quantity so designated is the result of calculation, not
of test measure1U8nt.·
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f' =Cylinder compressive strength of concrete
c
f c = Compressive flexural stress in concrete
f r =Tensile modulus of rupture for concrete
f s = Stress in longitudinal reinforcing steel
fv = Stress in vertical stirrups
fy =Yield stress of reinforcing steel
I =Moment of inertia
I g =Gross moment of inertia of whole concrete cross section
Ie =Effective moment of inertia of a reinforced concrete beam
I r =Moment of inertia of cracked or IItransformed" rectangular
cross-section
It = Moment of inertia of cracIted or "transformed" Tee cross-section
h = Overall depth of beam section
j = Ratio of depth of neutral axis to effective depth
k11k2,k3 =Parameters describing shape and size of flexuralcompression stress block
L =Total length of beam
M =Bending Moment
Mr =Calculated ultimate flexural resisting moment
Mf6 =Calculated ultimate flexural resisting moment assuming that steelstress is limited to 60,000 psi and concrete stress to .85f~
Ms =Calculated ultimate shear moment
Mal = "Service Load" moment = Mf6/l •8
MU =Maximum applied moment at failure in teat beam*
n = Es/Ecl the modular ratio
p =The longitudinal tension steel percentage as defined in the text
p' =The longitudinal compression steel percentage as defined in the text
Qg =First statical moment of gross concrete area above neutral axis
about same
r =The web steel percentage referred to the stem of the Tee-section
* A bar (.) over the letter ~dicates the quantity includes the dead load
as well as the applied load. .
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T =Total force in the tensile reinforcement
t • Thickness of flange of Tee-beam
V =Shearing force
v = Shearing stress
Vc = Maximum shearing force occurring in beam at the appearance of thefirst diagonal-tension crack
Vc =Shearing stress corresponding to Vc
Vu =Maximum sbearing force occurring in test beam at failure**
Val =Maximum shearing force allowable in beam under the provisions of
Chapter 8, A.C.!. Building Code No. 318-56
W =Total force applied to test specimen as indicated by dial of
testing machine, or "machine load"
Wc = Machine load at the appearance of the first diagonal-tension crack
Wu = Machine load at failure of test specimen
Greek Letters
b =Actual deflection of test beam measured at a point just below the
interior load in the case of restrained beams, or at the beam
centerline in the case of simple beams*
B. EXPERIMENTAL PROGRAM
6. Description of Test Prosra;m. and Beam ,S:eecimens
The experimental program consisted of the testing to destruction of
ten restrained Tee-beams. Six beams were loaded by two concentrated forces,
and the remaining four were loaded by means of a series of closely spaced
hydraulic rams to simulate the effect of a uniformly-distributed load. The
beams were designed on the basis of the following considerations:
(a) All beams were identical in overall dimensions with those of the
original program. The reinforcement ratios were also practically identical to
corresponding ~eams of the original program; however, in four specimens the
negative reinforcement was rearranged and distributed across the flange of the
Tee-section.
* In these cases a prime (') or double prime (iI) mark over a letter indicates
that the quantity so designated is the result of calculation, not test
measurement.
** A ba~ (-) over the letter indicateS the quantity contains the dead load
as well as the applied load.
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(b) To duplicate the conditions of the original program,* all speci-
mens were designed for sharp-yielding steel of 80 ksi yield strength for
main reinforcement and for standar~, intermediate grade steel for web rein-
forcement. Two concrete strengths were used, a low strength concrete of
about 3000 psi and a high strength of about 5000 psi.
(c) Six specimens had plain webs and high longitudinal steel ratios.
Three of these specimens were made of 3000 psi concrete and the other three
of 5000 psi concrete. These beams are designed to fail in shear. These
six specimens are duplicates of specimens IA-l, IC-l, lIA-l, IIC-l, lIIA-l
and IIIC-l** of the original program except that they did not have web rein-
forcing. Beams lIIA-l and lIIC-l were tested under uniform load, the others
under point loading.
(d) The four remaining specimens were duplicates of specimens lIB-I,
IIC-l, IID-1 and lIID-l** of the original program except that the ne~tive
reinforcement was distributed across the width of the flange of the Tee-sec-
tion. In addition, electrical resistance strain gages were mounted on
stirrups in the high-shear region in each beam in order to obtain informa-
tion on possible correlation between diagonal-tension crack widths and
stirrup strains. Beams IIB-l, and IID-1 were tested under uniform load,
the others under point loading,
(e) In all beams, electrical resistance strain gages were located on
the reinforcing steel at the regions of maximum moment in order to obtain
moment vs. strain relations during most stages of the loading history.
(f) Loading arrangements were identical in all respects to those used
in the previous program.
* The term "original program" will hereinafter refer to Part I of the
investigation as described in Report No. TSR 4730-7146, released in
JulYJ 1957.
** Beams of this program are numbered to correspond with comparable beams
of the original program except that the suffix tim" (meaning "modifiedlt )
is appended to theu- de~i8IlB.tion number to distinguish them from the
original beams.
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Properties of the beam specimens appear in Table 1. Figures 1 1 2, 31
41 ~nd 5 give the physical details for each series of beams inclUding bar
si~es and placement, stirrup spacing, position of loads and reactions, and
bar strain gage locations.
7. Materials
a. Cement
Cement was purchased in two lots and stored in a dry place for not
longer than two months before use. Type I I Lehigh brand Portland Cement was
used in all specimens.
b. Aggregate
Aggregate for the 3000 psi. concrete was supplied by the Ithaca-
Rumsey Sand and Gravel Corp. from local sources. The grading of these
aggregates (termed "Ithaca") is given in Table 2. The maximum size of the
gravel was 5/8 inch and the fineness modulus of the sand was 2.11. The
specific gravity of the gravel was 2.64 and that of the sand 2.61.
Aggregate for the 5000 psi. concrete was supplied in two lots by the
Eastern Rock Products Corp. from their pits at Boonville, New York. The
grading of these aggregates (termed "Boonville") is also given in Table 2.
The IDa}(;imum size of the gravel was 7/8 inch and the fineness modulus of the
sand was 2.81. Specific gravity of the gravel was 2.68 and that of the sand
was 2.65.
Mineralogic composition of the "Ithaca" and "Boonville" aggregates is
given in Tables 3 and 4 of the original report.
c. Concrete Mix
Two mixes were used having the following proportions:



















Aggregates were batched by weight at the ready-mix plant and delivered
to the laboratory in a truck~mounted; six cubic-yard capacity, horizontal,
non-tilting mixer. Cement and water were carefully measured and added to
the truck mixer a.t the laboratory. Mi:lCing time was from six to ten minutes.
Fina.l proportioning of the water was on the basis of tbe slump test. Slump
for all mi:lCes was maintained at 2-1/2 to 3 inches. Two to four beams were
poured from each batch of concrete. Nine control cylinders and four modulus
of rupture beams were taken from each batoh of concrete during pouring.
Cylinder compressive strengths and modul.us of rupture values are reported
in Table 5.
d. Reinforcing Steel
Longitudinal reinforcement was made of alloy steel deformed bars
supplied by tbe Inland Steel Co. The composition of tbis steel is given in
Table 3. A large number of tensile coupons were taken from bars in each
size range and tested to rupture. Spacing, width and height of deformation
were measured on eacb of the test coupons. The results of the deformation
measurements appear in Table 4.
Web reinforcement was, wherever used, made of #4 standard, intermediate
grade steel reinforcing bar with a nominal yield strength of 40,000 psi.
Stirrups were fabricated from this material in the laboratory on a Di-Accro*
bar bender. Tensile coupons were also taken from the web reinforcement
material and tested to rupture.
Mechanical properties are reported in Table 6 •
.,. Trade name of the O'Neil-Irwin ManUfacturing Company.
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8. Testing Tecbni9.tues and Procedures
All of the beams tested in this program were fabricated, cast, cured
and tested exactly according to the procedures outlined in Sections 8 and
10 of the original report. The testing equipment employed was the same
as that described in Section 9 of the original repo~t.
C. TEST RESULTS
9. Test Data
a. Properties of Concrete
Table 5 gives cylinder compression strength and modul~s of
rupture data for the concrete used in the various groups of beams. Also,
the initial tangent modulus, Et , and the secant modulus, Es ' for a stress
equal to one-half tbe ultimate compressive strength are reported. Figure
7 shows typical stress-strain curves for the two types of concrete used in
the project.
Empirical eq~ations which relate the tangent modulus and the secant
modulus to compressive strength have been proposed by Jensen (7) and by
Gaston, Siess; ~Jd Newmark (6) and are respectively;
E ,i _ ':5L.x.. J.O~...;!L
~ 5:~ ~. lO~OOO
E~ = 1.8 x 106 + 460 f~
(1)
Values of E{ and E~ computed according to the above eq~ation are also
given in Table 5. The comparison between calculated and actual values of
the two concrete moduli given in Table 5 indicates good agreement between
test results and calculated values in two cases and only fair agreement
in'the remaining two cases. Equations (1) and (2) are used in a subse-
quent section of this report, dealing with beam deflections, for the
purpose of computing the flexural rigidity of reinforced concrete beams.
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b. Properties of Reinforcing Steel
The average mechanical properties of one-third of the total number
of bars in each size group are given in Table 6. The maximum standard
deviation of sample data was found to be in no case greater than 2% of
the arithmetic mean and the extreme range of sample data in no case
exceeded ± 5~ of the arithmetic mean. Thus it was considered reasonable
to assume that the actual value of any mechanical property for any given bar
did not differ from the tabulated mean value by more than 5% ineitber
direction. Since the anticipated difference between actual values and
the average was so small, it was not considered necessary to test a
coupon cut from each bar.
A typical stress-strain curve for each size group of high strength
steel bar used in the beam specimens ia shovm in Fig. 8. Two reasons may
account for the differences in mechanical properties of the main bars appar-
ent in this figure and in Table 6. Firstly, the high-strength steel bars
were supplied in three batches; the #5 and #6 bars in one batch, the #7 bars
in the second and the #10 bars in the third batch. Table 3 indicates the
distinct difference in composition between the steel supplied for the #5,
#6 and #7 bars and that supplied for the #10 bars. Secondly, the #5 bars
may have undergone some extra cold-working during rolling over that en-
countered by the larger-size bars; thus accounting for the high yield
stress exhibited by the ://5 bars. The effect of cold-working on the mecnani-
cal properties of the high-strength steel bars supplied for the project is
treated in section 11 of the original report.
Although it was anticipated 4~.lat the high-strength, alloy steel supplied
by Inland Steel Company for the project would have a rather long "yield-
plateau",* Fig, 8 shows that this was not the case. A long "yield-plateau"
is considered a desirable feature in a structural steel because of the
warning, through excessive deflections and cracking, given by structures
* This term means the horizontal po~tion of tJle stress-strain diagram which
occurs just after yielding but before work-hardening starts.
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made with such steel when stressed to dangerous levels. Also, the alloy
steel supplied for the project had a lower percent elongation than was
expected from the specifications for such steels* given in the American
Society for Metals Handbook, reference (8). Except for the #10 bars, the
alloy steel bars supplied for the project were of the "gradual-yielding"
type and their "yield stresses" were determined by the 0.2Y/o offset method.
co Beam Tests
Results of tests on all beam specimens are summarized in Table 7.
This table gives the machine load and maximura shear at the formation of the
first diagonal tension crack; the machine load, maximum shear, maximum
positive and negative moments at failure; the type of failure, deflection,
maximum tensile steel strain, maximum compression steel strain, and maximum
stirrup steel strain at a load, at, or just before, failure occurred.
Diagonal-tension cracking was assessed by visual observation. The
diagonal-tension cracking load was taken as the load at which a decidedly
inclined crack first intersected the level of the mid-depth of the beam
at an angle of approximately forty-five degrees.
Failure load was taken as the maximum load carried by the beam. In
all cases, loading was continued beyond the maximum load until the speci-
men was d~stroyed.
Failures occurred in one of two modes: diagonal-tension failure
(abbreviated -- D.T.) or flexural-tension failure (abbreviated -- F.T.).
These modes are defined for the purposes of this investigation as follows:
(1) Diagonal-tension failure is a failure characterized by total
destruction of the load-carrying capacity of the beam through the prolonga-
tion of a diagonal-tension crack from the bottom to the top of the beam
resulting in a Budden rupture.
* i.e. for SAE No. 5150 or 9255 steels
-13-
(2) Flexural-tension failure is a failure by yielding of the rein-
forcement in the tension zone at a region of maximum moment after consid-
erable deflections have taken place and before crusning of the compression
concrete has occurred. Final destruction of the beam is through crushing
of the compression concrete after the tension steel bas yielded and usually
occurs at a load only slightly higher than that causing the yielding in the
tension steel. For beams reinforced with a 1\gradual-yieldinglt steel, as
was the case in this project, the term "yield-point" is defined as the
stress at which a specified inelastic strain 1s attained (e.g. as in the
o.Z1o offset method) and the term "yielding" is used to denote the portion
of the steel stress-strain diagram after the "yield-point" has been reached.
In beams reinforced with this type of steel, the beam may continue to
accept significant increases in load after the "yield-stress" has been
reached in the tension steel and it loses its carrying capacity only after
the compression concrete fails by crushing.
Table 9-A of the original report gives a summary of the characteristics
of the various modes of failure and it was used to assign a definite fail-
ure mode to the test specimens of this project.
10. Behaviour of Bea!DS Under Load
Figures 9(a) through l6(d) illustrate the behaviour under load of the
test specimens. Figures 9(a), 9(b) and 10 are photographs of all the beam
specimens after failure and show the crack pattern and the location of the
areas where failure occurred. The moment versus deflection curves for all
beams of this project and corresponding beams of the original program are
given in figures ll(a) through (j). In each of these figures, curves are
plotted for beams haVing the same longitudinal reinforcement and nominal
concrete strength but with varying amounts of web reinforcement and, in
some cases" different arrangements of negative tension reinforcing. In all
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cases, data for the moment-deflection curves was recorded from dial gages
placed at the point of maximum positive moment.
At low loads little or no cracking was evident in the test beams. As
the test loads increased, flexural cracks in the positive and negative
moment tension zones appeared and increased in width, length and number
with increasing loads. In most instances, the.first appearance of flexural
cracks occurred at a load whicb corresponded to a computed tensile stress
in the beam of the order of magnitude of the modulus of rupture of the
concrete. Diagonal-tension cracks usually did not appear until a load of
at least twice the initial flexural cracking load was imposed on the beam.
The first d1agonal-tensioncra.cks appeared invariably in the beam web in
the area between the interior support and the point of contraflexure. As
loads were increased, the diagonal-tension cracks in this area increased
in width, length and number and new diagonal-tension cracks appeared at
other high-shear locations in the beam.
a. Beams with Plain Webs
Six of the ten beams tested had plain webs and all six failed in
diagonal-tension. Failure occurred in these beams When one of the large
inclined web cracks extended itself from the bottom to the top of the beam
progressing entirely through the flange of the Tee. This type of failure
was g~ite sudden and it occurred, with one exception, at a load about
twenty to thirty percent higher than the load causing the first diagonal-
tension crack to appear (c.f. table 7). Beam Ire-1m was the exception; in
this case the beam failed immediately after diagonal-tension cracking
appeared (c.f. Fig. 9b).
The craok or craoks causing failure were quite pronounced and may be
easily seen in the photographs shown in Fig, 9(80) and 9(b). These cracks
usually started in the web near the interior support at a load of about two
to three times that causing the first flexural cracks to form. In all cases
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the diagonal-tension cracks formed independently of any existing flexural
cracks. In some cases the crack causing failure remained relatively
straight along its entire length (see beam IA-lm, Fig. 9(a». In other
cases this crack remained fairly straight only until it reached the flange.
On reaching the flange, it turned to a horizontal plane and ran along the
plane of intersection between the flange and web for a short distance,
finally turning upward into the flange at a point between the point of
contraflexure and the interior load (see beams Ie-1m and lIA-lm, Fig. 9(a».
The curves of Fig. l5{a) show a reversal in direction of strain (from
compression to tension) in the compression steel occurring at a load of
about two-thirds the ultimate load. This strain reversal which was typical
for all six beams usually took place at the same load which caused one or
more diagonal-tension cracks to intersect the level of the compression
reinforcing. Such changes in direction of strain have also been found in
rectangular beams in the shear investigations of Vieet, Moody, Hognestad and
Elstner (1), and were interpreted by tbem as evidence of a "redistribution
of stress" in the high shear region.*
b. Beams with vleb Reinforcement
AU four beams of the testing program which were provided with web
reinforcing failed in flexural tension. In these beams the first diagonal-
tension cracks usually formed at the head of an existing negative-moment
flexural crack rather than independently of the flexural cracks as was the
case with the beams having plain webs. The diagonal-tension cracks which
did form were more numerous, narrower and shorter than those in the plain-
web beams. In these four beams the diagonal-tension cracks did not pene-
trate the flange of the Tee-beam during any stage of loading preceding
failure. In beam lID-1m, however, a diagonal-tension crack penetrated
* The hypothesis that "redistribution of stress" occurs before a diagonal-
tension or shear-compression failure can take place is essential to
certain of the theories advanced by the researchers mentioned above.
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the compression flange after beam failure occurred. This propogation
of a diagonal-tension crack into the flange appears to have been
strictly a secondary effect and not a cause of failure.
Flexural cracks were numerous and quite evenly distributed in both
the negative and positive-moment regions of the beam by the time the
failure load was reached. The first flexural cracks appeared in the
positive-moment tension zone at a load of about ten percent of ultimate;
cracking in the negative moment tension zone(i.e. in the flange of the Tee
over the interior support) usually did not appear until a load of about
twenty percent of ultimate was reached. Positive flexural cracks extended
into the flange of the Tee, before failure, in only one of the four beams
(see beam lIB-1m, Fig. 10). Failure was quite gradual with warning of
distress through large deflections} muCh flexural-tension and diagonal-
tension cracking and through spa11ing and cracking in the compression
concrete at the failure location. Final destruction of the beam was
through crushing of the compression concrete in a region of maximum moment.
D. ANALYSIS OF BEAM TEST RESULTS
11. Diagona1-Tepsion C~acking and StirruE Stress
As was mentioned in the original report, the shear, V , at which
c
the first diagonal-tension crack forms appears to be rather an unpredictable
quantity. No reasonable correlation was found between test data and the
eq~ation:
Vc ( 1 - 0.1 M ) ft (1 - fb )
vc = 718 bd =0.12 l V'd c\: 10,,000
which was given in reference (1). It appears that Vc may be influenced
by the "pure shear" strength of the concrete and by the presence and
amount of web reinforcing as well as by the other parameters included in









are ~ valid for computing stresses in beams or portions of beams in
which the Mjvd ratio is much below 3.0 (see reference (10) and (11) for
discussion), since in such cases diaphragm rather than beam action occurs.
Instead of adopting a strictly empirical approach to the question of
predicting the shear at first diagonalwtension cracking, it appeared
interesting to d~term~Lne what correlation, if any, could be found between
test data and values predicted by using the elementary relation for shear
stress in a beam as g:'.Yen by Eq.• 5- In order to use Eq~ 5 one mtlE:l't be able
to determine in Rome -rray the strengt.h of plain concrete sUbjected to a
"pure" shear state of stress (Le. V"c). In reference (10) it is shown that
a reasonable est:l.mate of vc can ~e obtained from the equation:
f r,.__ -pI
v' - ;::. ",:;
c - f--:-:··~·'-rT
.... c
The use of a reJ :.t~.·:m C1.~dl A.G Fq. 6 is necessitated by the difficulty, if
not impossibility.;> of -!;csJ.;ir.g a Ep8cimen of pla:'.n cmwl'ete in "pure" shear.
Using Eqs.> 5 cnd 6 then, on~ o'bt~ina the fo:.lc)'t....:.'.ng <;:!.:nple fO:rIDula for pre-




. -"'-'---f + r ••,=-.
r ~"'c
In this equation the teJ'11l13 I g and Qg refer to the sect-loon p:r:-operties of
the gross concrete croBs"section mf:; incl'.lding :..einfo::,:,cing steel.
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The test data and the results of calculations based on Eg.• 7 for all
beams of Parts I and II of this investigation appear in table 15. It
will be noted that for the beams of Part I the column headed Vc is
different from that appearing in table 9 of the original report. This
change was made necessary by an error found in a conversion factor used in
making the original calculations for that column of figures.* The column
headed VC/V6 in table 15 indicates that the best agreement between test and
theory is to be found amongst the series-II spec~ens. This is as it should
be because in all the other specimens the M/Vd ratio in the high-shear por-
tion of the beam at the interior support was appro~imately 1.5 or less; thus
diaphragm rather than beam action was to be anticipated. In the series-II
beams, however, the M/Vd ratio at the interior support was approximately
3.0; therefore, the elementary eq~ations for beam stresses are valid and
reasonable agreement between test results and theory may be expected. It
may be observed that in most cases the theory is conservative. Much more
work, especially of a statistical nature, remains to be done about the
q~estion of initial-diagonal-tension cracking before any general conclusions
can be reached,. Tentatively, however, one may conclude from the results of
this investigation that for beams in which the M/Vd ratio is 3.0 or larger,
Eq. 7 gives a reasonably reliable estimate of the shear at the appearance of
the first diagonal-tension crack.
Strain gages were placed on the web steel in the high-shear regions
of all beams having vertical stirrups. The results of the stirrup strain
measurements are plotted in Figs. l6a, b, c, and d. The strain in each
stirrup prov:!.ded with a gage is plotted for each increment of load 7 The
location of each stirrup and each strain gage as well as the major cracks in
* Fortunately this eFi'Or waono'Crepeated"1UC7iJher calculat.lons-i;~-the
original p~ogram and all other tabular data reported therein agree
perfectly with t~e results of an independent recheck~
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the high-shear region are also shown. One may observe from these figures
that the crack pattern very strongly influences measured stirrup strain.
That is, those strain gages directly crossed by a crack record the highest
strains, while those gages located fairly far from cracks record the lowest
strains. It may also be observed that in all cases very low strains were
recorded in stirrups adjacent to the interior support and the interior load
points. This is to be expected,of course) because of the restraint on web
cracking caused by the large compressive stresses at these points induced
by the concentrated forces. This is experimental confirmation of a suspicion
long held by the author, among others, that stirrups in the immediate
neighborhood of a concentrated load or reaction may hardly be called upon
to bear the portion of the full shear assigned to them by the application
of the simple "truss-analogy" theory.
Since the "truss_analogy" is such a widely-accepted design method, a
comparison between measured stirrup stress and stirrup stress computed
according to this design method appeared in order. Figs. l7a, b, c and d,
representing data from beams lIB-1m, lID-1m, IIIB-lm, and IIID-lm respec-
tively, show graphs of measured stirrup stress versus stirrup stress com-
puted according to the equation:
s Vf~ = Ay jd (8)
In this eguatlon V ::'s the total shear force acting on the section under
consideration (i?e. t~e stirrups alone are assumed to carry the total
shear). In addition, a graph of the width of the largest diagonsl-tension
crac1.t ve:':'f:rJ.~ 8hear has been plotted in each of the ab07e fi';!;··..1:r·~R 0 This
last gl'3.P':~ '!T'p.;r 1:1160 be ree,": ags3.n:st a sca.le of comput.ed stl~~:,'u;,J s;,:re~s as
well e.s e.g!;'.~.:..l6·~ shear e T';'1e f'):rt~r ...flve deg!'ee l:l.ne appearing ::'r.. e,:;,cb.
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figure is, of course, the graph of the eq~ation:
f =ft
v v
In the first two figures, which represent data from series-II beams, curves
are plotted from the data of the stirrup having maximum strains, from the
averages of the data taken from the two stirrups having the highest strains
and from the averages of data from all stirrups provided with gages. Since
the shear diagram in the region between the interior support and the
interior load was horizontal and the stirrups were evenly spaced in these
beams, at any load each stirrup had the same computed tensile stress, ft •
v
This stress, f~, was, of course, directly proportional to the shear, V,
according to Eg.• 8. Data from the uniformly loaded series-III beams is
represented in Figs. l7c and d. The curves appearing in these figures are
plotted from the data of the stirrup having maximum strain and from the
stirrup having the second highest strain. The spacing of stirrups in these
series-III* beams was so arranged that the computed stresses in each stirrup
were approximately eq~al.
In each of Figs. l7a through d it may be observed that measured stirrup
stresses are very low until the initial-diagonal-tension-cracking load is
reached. As soon as this load is imposed on the beam, measured stirrup
stresses increase very sharply and in most cases the f vs. ft curves eventu-
v v
ally attain an almost constant slope of approximately forty-five degrees to
the hori7,ontal. In tJ:'lree of the four beams, the f
v
vs. f~ curves all lie
below and to the right of the forty-five degree line; thus indicating that
the stirrups were not carrying the total external shear imposed on the
beam (as was assumed in making the f~ - calculation). This means that the
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concrete and/or the longitudinal steel also resisted part of the shear im-
posed on the beam. Sachnowski (12) assumes that the shear not taken by
the stirrups is resistai by the longitudinal reinforcing (presumably
in dowel action). Dr. Royston Jones (13) has presented some interesting
experimental evidence indicating that both the longitudinal steel and
the concrete resist the extra shear not taken by the stirrups. In Fig.
27a which represents data taken from beam lIB-1m, the f v va. f~ curves
for the stirrup recording maximum strain and the stirrup recording the
second highest strain lie above and to the left of the forty-five degree
line. At first glance this would lead one to the startling concl~sion
that the stirrup in q~estion is resiating more shear than the total ex-
ternal shear being imposed on the beam. This apparent anomaly occurred
because an uns~~etrical diagonal-tension crack pattern developed in this
beam whioh did not occur in the others. In this beam a crack appearing
on one side of the beam at say eighteen inches from the support would appear
on the other side at perhaps fourteen or fifteen inches from the support.
Since only one ~eg of the stirrup was provided with a strain gage, doubling
the reading to account for the stress in the other leg WOUld, of course,
give an erroneous value for the total stress carried by the stirrup.
Therefore, the two gr'aphs ill <;i.ues·:;ion should be interpreted as exhibiting
a stress-concer..trat~.on occurrtng in one leg of tiJ.e p'3.rticular stirrup due
to the o-::c'.l!'l'ence of ar.. unsy-mlJ1~t.r:l.cal diagonal-tensio;,A. crack dat~ern.
The curve for the ave~ages of all stirrup st~ess ~ata for this ?eam is,
as antic:':.pated, below and to the right of the firty-five deg:c~e .i.:.!.ne.
The curves giving widths of largest diagonal-~e;ldon c.'a.r.~-: -Y0.rcus
shear and computed stirrup st"l:'ess in<licate that in all casee tI'le ",-T:.C1.th of
the largest crack did not exceed 0,,011 ins.* at one-half the u~t~.Itate load.
* A width of 0.01 in(~hes is often used as an upper limit forpermissible
crack widths in reinforced concrete structures.
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As a matter of fact in three of the four beams with web reinforcement 1 the
maximum crack width recorded during the entire loading history did not
exceed 0.01 ins. In all cases the width of the largest crack appears to
vary almost linearly with shear and thus with computed stirrup stress.
There is insufficient data however, to make any general remarks about this
phenomenon. One thing appears obvious from this investigation, though:
if all the shear is assigned to the stirrups and computed stirrup stress
at design load (using Eg.• 8) is J.,imited to about 20,000 psi, diagonal-
tension cracks, if any appear, will very probably be narrower than the
maximum tolerable limit of 0.01 ins.
12. Shear Failures
. ....
Comparison of Test Results with Existing Theories
Results from tests on the six beams with plain webs which failed in
diagonal-tension have been compared with the shear strength theories pro-
posed by Messers. Vieet, Moody, Hognestad and Elstner (1), and by Messers.
Laupa, Siess and Newmark (2). The former theory contains the assumption
that the shear-span to depth ratio has an effect on ultimate shear strength
and is thus limited to beams subjected to concentrated loads. The latter
theory does not contain any explicit assumptions as to the effect of the
shear-span to depth ratio on ultimate shear strength and appears to be
applicable both to beams subjected to concentrated loads and to beams
subjected to uniformly-distributed loads.
The major equations used in this project to calculate the ultimate
shear moment, M
s
' from the Viest, Moody, Hognestad; Elstner report for
restrained beams "'5th plain webs ~re (in taeir origi~1al notation):
in which:




3 !'L - 0.45Vd
f s = M:-:O-----
3 Vd + 0.55
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[
_4 ( ,'- 1450 ')16.9 x 10 ES -1 + \/1 + NpE/k k ft (12)
s 1 3 c_
The major equations used to calculate the ultimate shear moment, M~,
from the Laupa, Siess, Newmark for beams with tension and compression
reinforcement are (in their original notation):
M' = bd2ft (k + npt )(0.57 - 4.5 f b) (13)
s c 105
in which k ~ ¥[n(p ~; p' !J27';;;'(p + p' -=-p"t)' -n(p + pI) (14)
n =5 + 10,000 (15)
ft
c
In all shear calculations the concrete cross-sectional area, bd, was
taken as the stem width times the distance from the outermost compression
fiber to the centroid of the tension steel.
Table 10 gives a comparison of the test data with the ultimate shear
strengths predicted by the above two theories. For all cases in which
shear failure occurred, the ratios of computed shear moments to failure
moments are given. The last two columns in table 10 indicate that there is
quite good agreement between the test data and the results of calculations
based on the Viest-Moody-Hognestad-Blstner theory, but relatively poor
agreement between the test data and the results of calculations based on
the Laupa-Siess-Newmark theory. The latter theory tends to seriously
overestimate the shear strength of the beams in question.
As in the original project it may be noted again that apparently no
increase in shear strength was gained by the Tee-6ect~.on over a similarly
reinforced equal-depth rectangular section haling a breadth e~ual to ·~he
stem width of the Tee-section. On the contl·a:,.':r, according to the Laupa,
Siess" Newmark theory at least, the plain web Tee-beam may even be sO"'1ewha.t
weaker in shear than the corresponding rectangular beam (this ap~~nt
amonaly in which a bQqm hewing more material in its compre,:ill'Jion zone may
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actually be weaker in shear strength than a beam having less material in
said zone is discussed in reference (10». Also, as was mentioned in the
original report, the relatively high stress levels in the longitudinal
tensile steel of the beams in this project did not appear to influence their
shear strength in any discernible way.
13. Flexural Failures
Comparison of Test Results with Existing Theories
The four beams :i.n this project provided w:'..th web re1nforci.ng
were designed to f~il in flexure. The ultimate moments in these beams as
'W·ell as the uJ:t:Une.te moments for all beams in tt.e orig:tnal pr.ograin which
failed in flexure are compared with theoretical ultj~te flexural moments
in table 9~ Strain gage readings from the comp~ession reinforcing bars in
beams in both this project and the original project indicated that little,
if any, stress was being transferred to the compression steel (c. f. Fig. l5b).
Conseq~ently, the effect of compression steel on flexural properties was
neglected in all calculations of flexural strength.
The
in which:
equations for flexural strength calculations are:
Mf = P bd
2f y (1.. k2 P S?)kl k3 f c
k2 = 1600 + Ov46 f6 .. (f~)2/80,ooo
kl k3 3900 + 0.35 fb
(16)
The latter equation was taken from "Concrete Stress Distribution in
Ultimate Strength Design" by Hognestad, Hanson and McHenry (l!~)" The ratios
of calculated moment, Mf , to actual ultimate moment, Mu' given in table 9
indicate that the theoretical approach used herein is q~ite conservative.
It should be noticed, however, that agreement between test and theory is
better for some beams with higher reinforcement ratios, p, than for beams
with lower ratios. This phenomenon is probably due to the fact that in
lightly-reinforced beams concrete compressive stresses are so low during
most of the loading history that the tensile steel may still be able to
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pick up additional stress even after the "yield-point" is reached before
the stress level in the concrete becomes high enough to cause crushing.
Thus, the actual ultimate strength of. such beams is in excess of that pre-
dicted by formulas based on the premise that failure occurs when the stress
in the steel reaches the "yield-stress". This extra flexural strength of
beams with low p has also been observed by Jensen (7) I Lash (16) and may
be inferred from the experimental points plotted in Fig. 3 of Whitney-s
original paper on Ultimate Strength Design (15).
As in the previous report, it is believed that the excess strength
of these beams as conrpa!'ed to predlctions of ult:'_ma°:';e st':"e!lgth o~heory is
caused by the fact that these steels had little or no ~-ield pla+.eau and
entered strain hardening immediately upon reaching their (offset) yield
strength. (See Fig. 8). Correspondingly, failure through concrete crush-
ing occurred when the steel was in the strain hardening range and at a
stress higher than the yield strength. This is confirmed by the strain
measurements made on the tension reinforcement (see Table 8). This behavior
is not new. It has been observed in Europe with steels of similar stress-
strain diagrams. At its 1957 (?) meeting the European Committee for
Reinforced Concrete, Commission on Steel, under the chairmanship of Professor
George WHstlund, stated: "For beams with low percentages of such steel the
observed failure moments, for short-time tests, are always on the average 5
to 2CfJ/o higher than the moments calculated on the basis of the O.'i!'/o offset
yield strength." This statement refers to European cold stretched or cold
twisted steel, which also lacks a yield plateau and goes directly into
strain hardening.
A comparison of test resUlts with ultimate moments computed according
to the Appendix to ACI Code 318-56 is given in table 8. The provisions
of this part of the code require that the steel stress used in computation
of ultimate flexural moment be limited to 60,000 psi and the maximum concrete
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compressive stress be limited to 0.85 f~. The column headed Mu/Mf6 in
table 8 indicates that the ACI Code approach in all cases results in a
very large underestimation of the actual failure moment. This underestima-
tion, of course, occurs mainly because of the use of the unrealistic value
of 60,000 psi for the maximum steel stress at failure.
Load-deflection Characteristics,
Figs. ll(a) turu ll(j) give the moment versus deflection curves for
all beams tested in this program. These same figures also include moment-
deflection curves from beams of the original program which had the same
longitudinal reinforcement and nominal concrete strength. The only dif-
ferences between any three beams whose moment-deflection curves appear on
the same sheet are the amount of web reinforcing and, in some cases, the
arrangement of the negative tension reinforcing. Fig. l2(a) is a typical
moment-deflection curve for one of the four beams of this project with
web reinforcing which failed in flexure and Fig. l2(b) is a typical mom-
ent-deflection curve for one of the six beams of this project without web
reinforcing which failed in shear.
A line representing moment versus deflection based on the gross
concrete section and E~ and one based on the cracked transformed
sectionand E~ are superimposed on the moment-deflection diagrams of
Figs. l2(a) and l2(b). It may be observed in both cases typified by these
figures that at low loads the test curve of moment versus deflection is quite
steep and follows the Et I g line. As the load increases the test curves
tend to flatten out and approach and perbaps even cross the E~ Ie line.
It is interesting to observe that the curve of Fig. l2(b) is really only
a"blown-up" picture of the lower portion of a curve such as the one shown
in Fig. 12(a). Thus the curve of Fig. l2(b) represents only a small frag-
ment of the full moment-def~ectioncurve of the beam if it did not have a
weakness in shear and were allowed to reach its full flexural capacity.
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One of the major objectives of this program is to compare actual beam
deflections at service loads (as defined by the appendix to A.CcIo Code
318-56) with values calculated by existing design formulas or simple modi-
fications thereof. The "service-load" moment" Msl' is defined herein to
be 1/1.8 times the calculated ultimate flexural resisting moment, Mf6"
assuming that steel stress is limited to 60,,000 psi and concrete stress to
0.85 f~. The failure moments ~" of those beams which were designed to
fail in shear in this and in the or~gina1 program were so low compared
to Mf6 (in some cases ~ was even less than Ms1)" that these beams were
quite unrealistic in design by comparison with those to be encountered in
construction practice. Consequently, as suggested to the writers by Mr. J.
DiStasio, it appears unwarranted to attempt an analysis of the load-
deflection characteristics of such beams. For this reason all further
remarks will pertain only to those beams which failed in flexure.
At a load which imposed a mOment equal to Ms1 on the test beam" in all
cases it was observed that flexural cracking was very much in evidence.
Therefore, it is apparently q~ite reasonable to base deflections on the
cracked" "transformed" section rather than on the gross concrete section.
Deflection calculations at a load which produced the "service-load" moment
were undertaken for all Qeams of this project and of the original program.
These calculations were based on the following ass'wnptions:
(a) The modulus of elasticity E~, of concrete may be
calculated according to the equation:
Et =1.8 x 106 + 460 ft (2)
c c
(b) The influence of compression reinforcing on section
properties may be neglected; since strain measurements
consistently indicated that little or no contribution
was made by this steel to the resisting moment of the
beam.
(c) The influence of concrete in the tension zone on section
properties may be neglected.
(d) The moment of inertia about the neutral axis of any
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cross-section is taken to be the sum of the moments of
. d " " tiinertia of the compress~on concrete area an n mes




Since differences between the moment of inertia, I r , of
sections in the negative-moment region and the moment of
inertia It, of sections in the positive moment region for
beams of the testing program were q~ite small (of the
order of five to ten percent of the larger value) an average
value of moment of inertia, I , is taken as applicable to
the whole beam to requce complications in the calculations.
This average moment of inertia is:
I r + ItIe ::; --:2~-
The modular ratio, n, used in the calculation of moments of
inertia is taken to be the modulus of elasticity of the
steel, E , divided by the modulus of elasticity of the
concrete~ E~, given by Eq.• 2 above.
Deflection calculations, using the product of E' and I as the
c e
Ifflexural rigidity" term, were carried out in the usual way (Le. by the
"moment-area" or "conjugate beam" method) for all beams of this and the
original program which failed in flexure. These calculations were made for
a load. which imposed a maximum positive moment equal to the "service-load"
moment, M
sl ' on the beam. Tbe results of these calculations together with
pertinent test data appear in Table - 11. The extreme right-hand column in
Table - 11 gives the ratios of calculated deflections to measured deflec-
tions. A graphical picture of the ratios of calculated deflections to
measured deflections is given in Fig. 18.
The grouping of points about the forty-five degree line in Fig. 18
indicates rather good agreement between test and theoretical values in all
but four cases. In three of these four cases the theory overestimates
deflection and is thus on the conservative side. The one instance in which
the theory underestimates deflection occurs in the case of beam IIIB-l. It
may be observed from Fig, llh that the moment-deflection curve for this
beam does not follow the trends of the other two beams in this series. It
seems reasonable to infer from curves of Fig. Ilh that beam IIIB-l had some
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unexplained weakness or that there was a defect in the deflection
measuring apparatus which was not apparent during the conduct of the test.
In any case since there was only one such case of the theory underestimat-
ing the deflection significantly, it may be concluded that the method of
calculating deflections employed berein yields reasonable agreement between
test and theory and that significant errors, if any occur, are to be
mainly expected on the conservative side.
15. Flexural Crack Forma.tion
In the original program it was found that negative flexural cracks
were few in number but often they were wide enough at design loads to be
considered objectionable. It was conjectured in the report of the original
program that this poor negative flexural cra.ck pattern was due to the fact
that the negative tensile reinforcing bars were bunched together over the
stem of the Tee section. Consequently, one objective of this program was
to investigate the effect on negative flexural cracking of relocating and
distributing the negative tensile reinforcement in the flange of the Tee
beam. Accordingly four beams were tested which were made as nearly
identical as possible with beams of the original program with the excep-
tion that the negative tensile reinforcement was distributed across the
flange of the Tee-section. These four beams co~esponded to beams of the
original program which were designed to fail in flexure in order to allow
a well-developed crack pattern to form before failure occurred.
Table-13 gives crack data at the "service lead" for all beams tested
in parts I and II of this investigation wbich failed in flexure. It is
quite apparent from table - 13 that negative crack widths at service loads
for the part - II beams represent a considerable improvement over those
occuring in corresponding part .. I beams. The curves appearing in Figs.
l4(a) through 14(d) also show the improved craCking characteristics of the
part .. II beams over the oorrespopding part .. I beams. Crack widths at
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service loads for part - II beams varied from &Pproximately one-third to
one-half of those in corresponding part - I beams and the average widths at
"service loads" in no case exceeded a value of 0.007 inches. Thus it has
been shown that while flexural cracking may be quite pronounced at "service
loads" in beams reinforced with high..strength steel, it is nevertheless
possible to insure adequate crack control by careful attention to proper
bar location an~ placement.
Table ... 12 gives crack data at one-half ultimate load for beams
tested in part ... II of this project. This table may be compared directly
with table - 13 of the original program since they both give data at one..
half ultimate load. Again it may be observed that the part - II beams with
distributed negative tensile reinforcing had improved negative flexural
crack characteristics over the part ... I beams all of which had "bunched"
negative tensile reinforcing. Even at loads which imposed a moment equal
to one-half the ultimate the maximum average negative flexural crack widths
of the part ... II beams having distributed negative tensile reinforcing in
no case exceeded 0.011 inches, In corresponding part - I beams with
bunched reinforcing, the maximum average negative flexural crack widths
varied from 0.016 to 0.030 inches.
Fig. l3a gives typical curves for steel stress and moment versus
crack widths for beams without web reinforcing and Fig. l3b gives similar
curves for beams with web reinforcing. In both figures it is apparent that
flexural crack widths increase in rough proportion to steel stresses; how-
ever, the rate of increase in width of negative flexural crack is almost
double that of the positive flexural cracks. Since in all beams top and
bottom steel was identical, it is thus demonstrated that the smaller the
ratio of surrounding tensile concrete area to steel perimeter, the'
narrower are the widths of flexural cracks. In cases where it is not
possible to reduce the ratio of surrounding tensile concrete area to
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steel per1meter in order ·to achieve bette":' cl'a.ck control, it has
been shown that distributing the tensile steel area in such a way that each
bar has about the same amount of concrete area on each side also has very
beneficial effects on crack control.
16. ComFarison of Ultimate Loads of Beams Fa:i.lina in Shear with Desi6n
Safe Loads Using Provisions of A.C.I. Code No. J18-56, Chapter 8.
All beams of this project which failed in shear were reviewed accord-
ing to the provisions of Chapter 8 of the current A.C.I. building code. The
results of these calculations appear in Table - 14 along with other data,
such as concrete strength, type failure, and nmdmum shear at failure. The
ratio* of the maximum shear at failure, Vu' to the maximum allowable shear,
Vall is given for all beams which failed in shear. These "Safety Factors"
range in value from ~.76 to 5.94. The higher values occur in beams having
high-strength concrete. This is so because of the cutoff provision which
limits the maximum shearing stress to 90 psi. As in the original program,
the very highest values of the ratio of maximum shear at failure to
maximum allowable shear occur in the case of the uniformly-loaded beams.
The next highest values appear in the case of the series - I beams and the
lowest "Safety Factors" are evident for the series ... II beams. The higher
shear strengths of the uniformly-loaded beams and the series - I beams was
to be anticipated because of their relatively low M/Vd (approx. 1.5) ratios
in comparison with those of the series ... II beams (M/Vd for series ... II
beams is approx. 3.0). The former beams were acting more like diaphragms
than beams as was explained earlier in section - II.
In view of these results it appears likely that beams with M/Vd
ratios of about 2.0 or less can, in general, be expected to have higher shear
* This ratio Is herein designated. as the "Safety Factor"
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E. SUMMARY AND CONCWSIONS, by S. A. Guro,lnick and George '{linter.
The conclusions given below refer to the entire investigation
which consisted of Parts I and II. Part I was reported on separately (Report
~o. TSR 4730-7146 of July 1957) and consisted of 24 web-reinforced restrained
T-beams reinforced with high strength steel. Undamaged portions of eight of
these beams were retested as simple beams, making a total of 32 beams tested.
Part II COnt~L3tea. of 10 :i.1 estrained T...beams, six of them with plain webs and
four with web reinforceillents. The details of the test data on these ten beams
are given in the boc~ of the present Report (No. TSR 4730-7146, Part II) which
also contains a~1 ,\p~E'nc.L~x giving detailed crack data on all beams of both
Parts.
The following, detailed conclusions can be drawn from the combined
evidence of Parts I and II:
(1) Flexural Strensth
(a) Of the 42 beams of the combined two programs, 16 failed exclusive-
ly or primarily in flexure. Comparison of the experimental ultimate moments
Mu with the theoretical moments Mf computed by ultimate theory, using k2/kl k3
from Ref. 14 shows that the average value of MflMu is 1.22, the range being
from 1.04 to ~.42.
It 1S concluded that the excess flexural strength by test over that
predicted by ultimate theory on the basis of a flat yield plateau was caused
by the fact that little or no such plateau was present in these steels. In
this respect these steels behaved more like cold-twisted than like lInatural"
steels. The fact that the excess strength was larger for the low steel
ratios fits this explanat·ion. For low p the concrete strain which occurs
simultaneously with the steel yield strain is small, permitting the steel to
go considerably into the work hardening range before failure occurs by
concrete crushing.
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(b) The Appendix to the 1956 4-CI Code limits the useable yield strength
of high strength steels to 60 ksi. wher¢as the actual yield points of these
steels ranged from 83.7 to 103.1 ksi' l the majority being between 84 and 92 kei.
If Mr6 is the ultimate moment computed ~y 1956 Cede on the basis of 60 kai,
the values of Mu/Mf 6 ranged from 1.46 to 2.12. This shows that from the view-
point of strength alone the limitation to 60 ksi is excessively conservative.
For appropriate observations on crack development at steel stresses in excess
of those corresponding to 60 ksi., see below.
(c) Strain measurements showed that the compression reinforcement was
not acting to any significant degree to resist bending moments, regardless of
whether measurements were taken at the maximum positive moment location
(i.e. where the flange is in compression) or over the continuous support
(where the beam acts as rectangular). It must be concluded that an ultimate
theory which assumes that the compression reinforcement yields at flexural
failure, regardless Of distance from neutral axis, is not tenable.
(2~ Shear Strength
(a) If, for the 30 beams WhiCh failed in shear or a combination of
shear and flexurel the ultimate shear forces V
u
are compared with the allOW-
able shear forces Val computed on the basis of the 1956 ACI Code, one obtains:
(i) for the beams with f~ smaller than 3900 psi an average value of VulVal ::: 4.0,
with a range from 2.76 to 5.95; (ii) for the beams with f~ larger than 3900
psi an average value of VulVal::: 5.3, with a range from 3.30 to 7.19.
From this it is concluded (i) that the use of high-strength steels in
connection with present provisions for diagonal tension results in adequate
safety in regard to shear failure; (ii) that the present provisions which do
not recognize any increase in shear strength for concrete in excess of 3000
psi are excessively conservative When applied to these test results, (iii)
that the excessive spread in "safety factors" which results from the applica-
tion of the ACI Code provisions to these tes1;s provides a further indication
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that the present Code method does not represent a sound design basis.
(b) In regard to more recent shear strength theories, comparison with
the Viest-Moody-Hognestad_Elstner theory shows reasonably good agreement for
point-loaded beams with web reinforcement (deviations of computed from measured
shear strength ranging from .. 32 to + 4gfo) and satisfactory agreeme;nt for
beams with plain webs ( .. 17 to + 4%). For these point-loaded beams the Laupa-
Siess-Newmark theory shows more, and more unconservative, scattering for
beams with web reinforcement (- 18 to +110%) and is unsatisfactory and
unconservative for beams with plain webs (+ 74 to + 123%). For uniformly
loaded beams the former theory has not been developed. The latter, with one
exception (+ 74%) is in reasonable agreement with test results (- 18 to + 35%).
It is concluded, however, that these newer approaches, though a definite
improvement as compared to the Code method, do not represent the final
answer to the problem of shear strength.
(c) Since no shear strength tests w;l..th analogous beams with standard
strength longitudinal reinforcement have been ~de, the question whether the
high steel stresses adversely affected the shear strength of these beams can-
not be decided directly. Assuming that the two shear theories of (b), above,
have at least indicative validity for these tests, study of Table 11 of the
first Report, and of Table 10 of the present Report reveal that by far the pre-
ponderant majority of deviations of test strength from computed value is
significantly on the unconservative side. This may be regarded as a possible
indication that the high steel stresses may, indeed, have reduced the shear
strength to some extent. (In judging the possible validity of this supposi-
tion the large scatter of theory vs. test should be taken into account as
well as the fact that, purposely, many parameters of the specimens of this
investigation were outside the range of those tests on Which the above two
theories h~ve been based; see p. 4, pt. 6 of first Report.)
(d) From the limited data obtained by stirrup strain gaging it appears
that the stirrups, after diagonal tension cracking, carry from 70 to 85% of
the total shear, at crack locations. Stirrup stresses considerably exceeding
this value were measured in unusual cases but were found to be due to skew
cracks which happened to cross one leg of the stirrup but not the other.
Stirrup stresses were found to be sbarply influenced by crack pattern, the
measured stirrup stresses being highest when a diagonal tension crack happened
to cross a stirrup at a gage location.
(e) Stirrups in the immediate vicinity of concentrated loads or reac-
tions c~ry ~uch smaller shears than elsewhere (for the same V-value),due to
the vertical compression stresses which reduce diagonal tension and cracking.
(f) In all shear calculations the concrete area was taken as the stem
width times the effective deptb. The comparison, above, of test data with
existing theory seems to indicate no gain in shear strength of a T-beam as
compared to that of the corresPonding rectangular beam.
(3) Deflections.
(a) According to a Buggestion ma.de by the late Mr. DiStasio, deflec-
tions have been evaluated only for those 16 beams which failed in fleocure.
This seems advisable because those beams which were designed to fail in shear,
particularly those with web reinforcing, showed sufficiently heavy diagonal
cracking at service loads to be unrepresentative of practical beams which are
designed to fail in flexure rather than in shear. Deflections were evaluated
at the "service-load" moments according to the Appendix, ACI Code 1956 which
are defined as 1/1.8 times the ultimate flexural moment calculated on the
basis of a steel "yield point" of 60 ksi.
(b) It was found that best correlation with short-time deflections at
service load was obtained by using for E the secant modulus
E~ II! 1.8 x 106 ... 460 f~
and for the moment o.f inertia. the value for the tra.nsformed, cracked section,
excluding the effect of compression reinforcement (in view of 1, c. above).
For the restrained beams the arithmetic mean was taken' of I for the T,..beam
section and of I for the rectangular beam section, in view of the negative
moments. For the simple beams the I of the T-beam was used.
(c) On this basis the average ratio of computed to measured deflection
was 1.01 with deviations for 13 of the 16 beams confined approximately to the
range of ± 1511, the remaining three beams having deviat.ions not exceeding ± 3Cf'/o,
(d) The above method has been developed to allow a satisfactory esti-
mate to be made of short-time deflections. It is not suggested that this repre-
sents a sufficiently complete answer to a very complex problem. An extensive
investigation, not connected with this project, of short and long-time deflec-
tions of rio beams, including tests on creep deflections) of high-strength steel
reinforced T..beams, is now under way at Cornell University.
(4) Crac~ Development
(a) Crack data have been evaluated at two characteristic loads: (i)
at "service loads" as defined by the Appendix to the 1956 ACI Code (see 4,a,
above), i.e. based on a presumptive yield point of 60 ksi., and (ii) at one-
half the experimental ultimate load. Service load crack observations, (i)
above, are given in Table 13 of the present Report and permit judgement in
regard to crack magnitude for steel stresses at design loads of the order of
30 ksi. Observations at one-half the ultimate load, (ii) above, are given
in Table 13 of the First Report and Table 12 of the present Report. They
permit judgement on the degree of craCking which would be obtained if the
present Code limitation of 60 kai were relaxed. The present evaluation is
limited to those beams which ,failed in flexure (as listed in Table 13 of
present Report) since the crack formation of those beams which were designed
to fail in shear is unrepresentative of actual conditions, "Re-test" beams
were excluded since some cracking bad taken place in the first testing of
these beams. Hence all data refer to restrained beams, the re-test beams
having been the onJ.y ,imple beams in this progre.m.... For the record, complete
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crack data on all beams of both programs are presented graphically in the
Appendix to this Report, enabling additional crack studies to be made, if
desired.
(b) Flexural Cracking.
(i) Positive Moment Cracks. Inspection of Taole 13 shows that average
width of positive moment cracks at "service loads", i.e., at a steel stress
of the order of 30 kai, ranged from 3/1000 to 5/1000 in. with the exception
of Beam IIIB-2 which will be discussed separately. The average of the widths
of the two widest cracks ranged from 5/1000 to 10/1000 in. It is seen that
these crack widths are not excessive if 1/100 in. is regarded as an accept-
able value. If, under low-corrosive conditions, 1.5/100 in. is taken as an
acceptable ma¥1mum crack width; 1r1epect1on ot rtable 13 of the F:l.rst Report and
Table 12 of the present Report shows for the beams which failed in flexure
that steel stresses of ~O kai under service conditions (corresponding to a
yield point of about 90 ksi) would still result in acceptable positive crack
width. .. The exception to this situation is Beam IIIB-2 which is seen to have
significantly wider cracks than any of the other. This beam failed in a com"
bination of flexural tension and shear compression" and was originally
designeQ. to fail in shear. This observation emphasizes the fact that adequate
shear strength is beneficial to crack control" even as regards positive moment
cracks.
(ii) Negative Moment Cracks. In the beams of the First Report tension
reinforcement over the continuous support had been "bunched" within the width
of the web. In the corresponding l,>eams of the present Report it had been
spread out uniformly over the wi4th of the flange. Inspection of the relevant
data reveals that the "bunched" reinforcement resulted in the formation of only
one or two negative cracks of excessive width" at "service load" as well as
at one-half of ultimate load (of the order of 2/100 in. end more). Spreading
the reinforcement over the entire width of the flange resulted in,a. much
Larger number of negative cracks and a redua'tion of the aver~~~ltw1dth
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to as low as one-third of the p~ev1ou$ value. Study of the appropriate graphs
in the Appendix reveals that, with reinforcement spread out, maximum negative
cracks at service loads were below 1/100 in. and at a steel stress of about
50 ksi. (corresponding to a yield point of about 90 ksi.) did not exceed
1.5/100 in.
(Since in both arrangements the reinforcement was the same, the ratio
"concrete tension areal total bar perimeter" which is thought to be rOUghly
proportional to crack width, was, formally speaking, the same. This shows
that mechanical application of such a rule may be misleading. Actually, with
the "bunched" reinforcement this ratio was "infinitely large" in the flange
projections where no longitudinal steel was located. Therefore, widely spaced
cracks of great width probably originated there and then spread toward the
reinforced central zone.)
(i) The shear force at which the first diagonal tension crack appears
can be estimated with reasonable reliability from the equation
VI ;:
C
for beams in which M/Vd is 3 or larger. (For symbols see "Notation.") This
equation emphasizes that in order to analyze shear behavior it is ap~arently
necessary, in addition to f', to have some knowledge of the tension strength
c
of the concrete, expressed here indirectly in terms of the modulus of rupture
f (see Ref. 10, soon to be published in J. Struct. Div. ASCE).
r
(ii) Width of maximum diagonal tension crack at "service load" as per
1956 ACI Code Appendix was below 1/100 in. except for beams IID-l and IIIB-2,
in which they were 1.8/100 and 1.4/100 in. respectively. Both these beams failed
in a combination of flexural and shear failure, emphasizing again that an ample
reserve of shear strength over flexural strength is essential to good crack
control. In regard to diagonal tension cracks at one'!'half the ultimate flex-
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ural load, of the eight beams of the first Report which failed in flexure,
four showed diagonal cracks far in excess of 1.5/100 in., i.e. beams IIB-1,
IID-1, lIIA-1, and IIIB-2. Of these beams IID-1 and IIIB-2 had been mentioned
before as having failed in a combination of flexure and shear. It is worth
noticing that two of these four beams were duplicated in the second phase with
the "bunched II negative reinforcement repla.ced by distributed reinforcement
(beams lIB-1m and lID-1m). In both cases the width of diagonal cracks at one-
half of ultimate load was sharply reduced and was below 1.5/100 in. It is to be
concluded that for adequately web reinforced beams diagonal tension crack
widths are below permissible limits for steel stresses of the main reinforce-
ment of the order of 30 ksi. Moreover, with special attention to detailing of
both the web and the main reinforcement these cracks can also be kept below
permissible limits for flexural steel stresses as high as 50 ksi (corres-
ponding to a yield stress of 90 ksi.).
(iii) In the four beams where strain gages were placed on stirrups,
no definite relationship between maximum measured stirrup stress and maximum
diagonal tension crack width is apparent (Figs. 17 a through d). It is
remaxkab1e" though, that if the total external shear is assigned to the
stirrups, then a computed stirrup stress of 40 ksi corresponded to a maximum
diagonal crack width of about 1/100 in. in all four beams. It was these same
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STRAIN (IN/IN x 10- 4 )
FIG.7 TYPICAL STRESS-STRAIN CURVES FOR THE
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FIG. 8 TYPICAL STRESS-STRAIN CURVES FOR HIGH-STRENGTH
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FIG. lid MOMENT-DEFLECTION CURVES FOR SERIES nB
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FIG. llf MOMENT- DEFLECTION CURVES FOR SERIES
lID BEAMS
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TYPICAL MOMENT-DEFLECTION CURVE FOR BEAMS
WITH WEB REINFORCING WHICH FAILED IN FLEXURE
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FIG.14d COMPARISON OF MOMENT VERSUS CRACK WIQTH
CURVES FOR BEAM mD-1 WITH "BUNCHED" AND
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FIG. 170 MEASURED STIRRUP STRESS VERSUS COM-
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HORIZONTAL SCALE FOR SHEAR, V, RELATES ONLY TO
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The figures which follow contain detailed information on crack
development for all beams of both parts of this investigation, except
for the eight lire-test" beams IA-lR to ID-~. The limited cracking
which had occurred in these specimens when first tested as restrained
beams distorted the crack pattern obtained later when they were re-
tested as simple beams, resulting in atypical crack performance.
For each beam there is plotted, against bending moment, (a) for
positive moment cracks, the average width of all cracks and the average
width of the two widest cracks; (b) for negative moment cracks, the
average width of all craoks and t~e average width of the two widest
cracks, (where only one or two negative cracks formed, this is 80 noted);
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